Background In a previous study, regional delivery of manganese (Mn)ions within the brain revealed that the metal accumulates in the basal ganglia, where it induces degeneration of the globus pallidus. Degeneration of the basal ganglia impairs motor ability by compromising an important neural circuit involved in the regulation of motor control. Therefore, much research has been devoted to identifying a sensitive and non-invasive imaging marker to evaluate the functional correlates of Mn-related brain dysfunction. Methods We performed the first-ever sequential finger-tapping functional MRI (fMRI) experiment to investigate the behavioural significance of additionally recruited brain regions in welders with chronic Mn exposure. Results During the finger tapping task, activation of the bilateral primary sensorimotor cortex (SM1), bilateral supplementary motor area (SMA), bilateral dorsolateral premotor cortex, bilateral superior parietal cortex and ipsilateral dentate nucleus was higher in the welding group (42 welders) than in the control group (26 controls). The pallidal index correlated with the activation observed in the contralateral SM1 for the finger tapping task of the left hand. The fMRI variables correlated with motor behaviour. Grooved Pegboard performances (right hand) correlated with activation, as seen in the ipsilateral and contralateral SMAs obtained during the finger tapping task of the right hand. Conclusion Our findings suggest that increased brain activation results from the compensational activation of ancillary cortical pathways, which ensures adequate motor function.
INTRODUCTION
Manganese (Mn) neurotoxicity (in its severe form, manganism) manifests as a movement disorder which induces degeneration of the globus pallidus. 1 2 Numerous studies have attempted to develop an accurate non-invasive imaging technique to predict Mn-induced neurotoxic effects. 3 4 Accumulation of Mn in the brain is often detected as high bilateral signal intensity in the globus pallidus on T1-weighted magnetic resonance (MR) images. 5 6 Furthermore, the signal intensities of T1-weighted brain images are highly correlated with neurobehavioral performance and Mn blood levels, but not necessarily with the development of clinical manganism. 7e9 Due to the lack of reports on the relationship between earlier neurological effects of Mn exposure and functional neuroimaging results, a more useful functional neuroimaging method is needed to assess the functional correlates of Mn-related brain dysfunction in humans.
To our knowledge, the present study is the first to use fMRI to investigate motor reorganisation in response to subclinical motor dysfunction in welders chronically exposed to Mn. The use of fMRI to study neurological diseases has become much more common over the last decade; however, the use of fMRI to assess neurotoxicity is quite new in humans. We performed the first-ever sequential finger-tapping fMRI experiment to investigate the behavioural significance of additionally recruited brain regions in welders with chronic Mn exposure.
METHODS Participants
The study population consisted of 65 males, aged 40 years or older, who were full-time current welders with more than 5 years of welding experience in a factory. Forty five of the 65 workers agreed to participate in our study. Our control population consisted of 38 age-and gender-matched non-welding production workers from the same factory, who were not exposed to other hazardous materials such as paint. Thirty of the 38 workers agreed to participate in our study. All participants were subcontract workers in seven small businesses in the factory. Three participants (one welder) with a recent history of head injury or stroke were excluded. Four participants (two welders) failed to complete the study. Therefore, 42 welders and 26 non-welders were ultimately enrolled for motor fMRI examination. All participants were right-handed, according to the Edinburgh handedness scale. After being given a detailed explanation of the study design and What this paper adds < This is the first study to use functional MRI to examine manganese (Mn)-exposed workers. < Using functional MRI, we demonstrated motor reorganisation within the brains of Mn-exposed welders who exhibited subclinical motor deficits but lacked clinical signs of manganism. < The present study is the first to use functional MRI to show functional abnormalities in welders without clinical manganism.
potential risks, all participants provided written informed consent. Administration and the scoring procedure were approved by the institutional review board (IRB) of Ulsan University Hospital.
Exposure assessment
We analysed data on airborne Mn levels which had been measured twice a year at each workplace since 2006. Blood Mn levels were measured using a graphite furnace atomic absorption spectrophotometer. Blood samples were analysed to determine complete blood counts, haemoglobin and haematocrit levels, and liver function (ie, aspartate aminotransferase, alanine aminotransferase and g-glutamyl transpeptidase levels). Details of these procedures are described in our earlier publications. 9 
Neurobehavioral performance
Neurobehavioral tests of motor function included finger tapping tests and the Grooved Pegboard test. Hand coordination was tested using the Coordination Ability Test System (CATSYS 2000; Danish Product Development, Snekkersten, Denmark). Details of these procedures are described in our earlier publications. 9 
MRI and pallidal index
The MRI examinations were performed using a 3.0 T wholebody scanner (Signa Excite HD, GE Healthcare, Waukesha, USA) with an eight-channel head coil. Axial spin-echo images were obtained via T1-weighted imaging, with a repetition time of 550 ms, an echo time of 10 ms, a flip angle of 60 degrees, a slice thickness of 5 mm, an interslice gap of 1 mm, a 2563256 matrix size, a number of average equal to 2 and a 21 cm field of view. The total scan times were 4 min and 42 s. The pallidal index was defined as the ratio of the globus pallidus signal intensity to the signal intensity of the subcortical frontal white matter on an axial T1-weighted spin echo image, multiplied by 100.
Motor task
Each subject was asked to place their thumb on the tip of their index finger, middle finger, ring finger, little finger, ring finger, middle finger, index finger and another finger, in that order, as quickly and precisely as they could. While lying in the MRI scanner, the participants were instructed to look straight ahead and to avoid any movements other than those needed for the finger tapping. They were instructed to rehearse the finger tapping task prior to the beginning of a trial to ensure that they understood the task instructions. The task consisted of three 40 s cycles of unilateral finger tapping, with a subsequent 30 s rest. The orders of right-and left-finger tapping tasks were counterbalanced among the participants. The participants were allowed a 3 min period of rest between finger tapping tasks with each hand. All participants were able to perform the tasks as requested. During the experiment, the participants were continuously observed by an examiner who specifically monitored task performance level.
Functional MRI
Blood oxygenation level-dependent (BOLD) contrast data were collected for each subject using a 3.0 T GE VHi scanner (GE Medical Systems, Milwaukee, Wisconsin, USA) equipped with a transmitereceive body coil and a commercial eight-element head coil array. We used T2*-weighted echo planar imaging for fMRI acquisition. The following acquisition parameters were used in the fMRI protocol: echo time of 40 ms, repetition time of 2000 ms, field of view of 22 cm and acquisition matrix of 64364. Using a midsagittal scout image, 24 contiguous axial slices with 4 mm thickness were placed along the anterioreposterior commissure (ACePC) plane covering the entire brain. The first three acquisitions were discarded due to T1-saturation effects. A 3D T1-weighted anatomical scan was obtained for structural reference.
Image analysis
Image processing and statistical analyses were performed using MATLAB v 7.2 (The Mathworks Inc, Natick, Massachusetts, USA) and SPM2 (SPM; Wellcome Department of Imaging Neuroscience, University College London, London, UK; online at http://www.fil.ion.ucl.ac.uk). Functional images were corrected for sequential slice timing and all images were realigned to the first image to correct for head movement between scans. The realigned images were then mean-adjusted by proportional scaling and spatially normalised into a standard stereotactic space to fit a Montreal Neurological Institute template, 10 based on the standard coordinate system. Within-group analysis of fMRI data consisted of the analysis of contrast images from Values are mean6SD (range) unless otherwise indicated.
*GM6GSD, normal ranges: haemoglobin 14e18 g/dl, aspartate aminotransferase 15e40 IU/l, alanine aminotransferase 0e40 IU/l, g-
individual participants via one-sample t tests. These data were used to generate a random effects model, which allowed the authors to make inferences about the general population. The SPM{t}s had thresholds of p<0.00001 and a false discovery rate (FDR) that had been corrected for multiple comparisons across the whole brain. Finally, the resulting activation maps were created and displayed by projection onto the anatomically standardised mean T1 image for each subject to identify the anatomical correlates of the activity. To directly compare brain activation during the finger tapping test between controls and members of the welding group, contrast images for the main effects were assessed using a two-sample t test. The SPM{t}s had thresholds of p<0.0005 and were FDR-corrected for multiple comparisons across the whole brain. Estimates of per cent signal change during the finger tapping task were calculated from the bilateral primary sensorimotor cortex (SM1), bilateral supplementary motor area (SMA) and bilateral dorsolateral premotor cortex (dPMC) of each participant using the MarsBaR program (Marseille boîte à région d'intérêt 11 ) and regions of interest (ROIs) defined by the Anatomical Automatic Labelling (AAL) ROI library. The average signal used in this calculation is based on all conditions and is identified as the b value for the mean column of the regression analysis.
Statistical analysis
We examined the univariate distributions of continuous variables to determine their normality. To better attain normal distributions, some variables were transformed to their natural logarithms and presented as geometric means (GM) and geometric standard deviations (GSD). In all other cases, arithmetic means (AM) and standard deviations (SD) were used. The mean values of various continuous variables were compared using the Student t test. Differences in the proportion of workers who were smokers or who had increased signals were determined using the c 2 test. Analysis of covariance (ANCOVA) was used to compare neurobehavioral test outcomes between welders and controls while controlling for the effects of covariate factors such as age, educational level, smoking and alcohol consumption. Effect size was obtained from Cohen's d 12 13 which was used to assess whether a relationship could be due to chance, regardless of the strength of the apparent relationship in the data; 0.00e0.19 was considered to indicate clinically irrelevant effects, 0.20e0.50 to indicate small effects, 0.51e0.80 to indicate moderate effects, and 0.81e1.00 to indicate large effects. 12 We used Pearson correlation analyses to determine the correlations among pallidal indexes, neurobehavioral test outcomes and fMRI variables. SPSS v 14 software was used for all statistical analyses.
RESULTS

General characteristics
There were no significant differences in the welders and control workers with regards to age, tobacco use, alcohol consumption, educational level, liver function or haemoglobin levels. Several workers had liver function values higher than normal but did not have chronic liver disease. Therefore, the accumulation of Mn was not due to liver dysfunction or iron-deficient anaemia, both of which are important causes of Mn accumulation in the brain. 2 14 Mean blood Mn concentrations were significantly higher in welders (1.55 mg/dl) than in controls (1.15 mg/dl). The means and standard deviations of airborne Mn concentrations were 0.14 mg/m 3 and 0.08 mg/m 3 , respectively. Of the 42 welders, eight exhibited high globus pallidus signal intensities on T1-weighted MR images. The mean pallidal index was significantly higher in welders than in controls (table 1) . Pallidal index correlated with blood Mn concentration (g¼0.430). All these findings suggested that the welders had experienced significant Mn exposure over a long period of time. Nonetheless, none of the welders were diagnosed with clinical manganism after undergoing neurological examination.
Motor behaviour
Grooved Pegboard and finger tapping tests (right and left hand) showed significant differences between the two groups (table 2) . Maximum frequencies, as determined via the hand pronation/ supination and finger tapping tests, were significantly lower among the welders than among the controls. There were no differences in the results of the other rhythmic tests (slow/fast) between the groups.
Functional MRI data Right hand within-group analysis of welders and controls
In welders who were chronically exposed to Mn, significant activation foci were noted in the bilateral SM1, bilateral SMA, bilateral dPMC, bilateral superior parietal cortex and bilateral dentate nucleus between the movement and resting periods 
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group.bmj.com on November 7, 2016 -Published by http://oem.bmj.com/ Downloaded from (figure 1). In contrast, control participants exhibited significant activation of the contralateral (left) SM1.
Right hand between-group analysis of welders and controls
Between-group comparisons were performed by assessing the means of two sample t tests for the finger tapping task of the right hand. During the finger tapping task, activation of the bilateral primary SM1, bilateral SMA, bilateral dPMC, bilateral superior parietal cortex and ipsilateral dentate nucleus was higher in the welding group than in the control group (figure 2). No region was significantly more activated in the control group than in the welding group.
Left hand within-group analysis of welders and controls
For the finger tapping task of the left hand, the welding group exhibited significant activation in the bilateral primary SM1, bilateral SMA, bilateral dPMC, bilateral superior parietal cortex and bilateral dentate nucleus ( figure 3) . However, the ipsilateral Figure 1 Statistical parametric maps of sequential finger tapping movement with the right hand for the control (A) and welder (B) groups displayed on a 3D SPM template brain. All activation voxels are significant at p<0.00001. False discovery rate (FDR) is corrected for multiple comparisons across the whole brain. Figure 2 SPM{t} results from the between-group analysis by means of a two-sample t test for sequential finger tapping movement with the right hand. For illustration purposes, activation is displayed on a 3D SPM template brain. All activation voxels are significant at p<0.0005. False discovery rate (FDR) is corrected for multiple comparisons across the whole brain. 
Left hand between-group analysis of welders and controls
Between-group analysis of the finger tapping task in the left hand revealed that activation of the contralateral (right) SM1, contralateral dPMC and ipsilateral dentate nucleus was significantly higher in the welding group than in the control group (data not given). No region was significantly more activated in the control group than in the welding group.
Within-group fMRI analysis correlation with motor behavioural performance in welders
The pallidal index and the activation observed in the contralateral SM1 for the finger tapping task of the left hand significantly correlated in all participants (g¼0.251). However, blood concentrations of Mn did not correlate with the activation observed via fMRI. Grooved Pegboard performances (right hand) significantly correlated with activation, as seen in the images of the ipsilateral and contralateral SMAs obtained during the finger tapping task of the right hand in all participants (g¼0.281, 0.321, respectively). Left finger tapping for the first 10 s also significantly correlated with activation of the ipsilateral and contralateral SMA during the finger tapping task of the left side in all participants (g¼À0.256, À0.262, respectively).
DISCUSSION
In the present study, welders exposed to Mn exhibited subclinical neurobehavioral deficits in motor components, although they did not appear to have clinical manganism. These results are consistent with previous neurobehavioral studies. 11 Welders are exposed to various hazards, including Mn. 15 Measurements of Mn in air and blood samples, as well as the high signals present on MRI findings, suggest that the welders in our study population were significantly exposed to Mn. In addition, some fMRI variables correlated with pallidal index findings. All these results suggest that Mn, a major environmental toxin in the welding industry, increases brain activation.
The most significant finding of the present study is that once subclinical motor deficits are observed in welders, changes in the neural sensorimotor network are already underway. The results of the sequential finger movement test revealed that the SM1 was more highly activated in Mn-exposed welders with subclinical motor deficits than in healthy controls. All participants were given sufficient time to practice the finger tapping rate until they could perform it correctly, as movement rate has a significant effect on brain activity. 16e17 In addition, we chose a slow movement rate that could be easily performed by both welders and healthy controls. In the present study, the motor paradigm allowed a 3 min period of rest between finger tapping tasks with each hand to avoid possible fatigue phenomenon. However, if the difference in brain activity due to motor fatigue between welders and controls is to be measured, the rest period should be as short as 30 s. Two-sample t test comparisons of the welders and controls revealed a hyperactive response to right finger and left finger movement in the contralateral SM1. Right finger movement activated the ipsilateral (right) SM1 to a greater extent in the welders than in the aged-matched control participants. Bilateral SM1 hyperactivity may reflect motor reorganisation in the brains of Mn-exposed welders, which might compensate for existing subclinical motor deficits. Increased Mn concentrations in the basal ganglia induce degeneration of the globus pallidus; therefore, bilateral involvement of the SM1 is consistent with the standard model of the basal ganglia-thalamocortical loop.
18e20 According to this model, it is postulated that the bilateral sensorimotor cortices of Mn-exposed welders are overly active to compensate for the dysfunction of the basal ganglia. Thus, it seems likely that the mechanisms regulating sensorimotor control (ie, from the basal ganglia output to the cortical sensorimotor regions, via the thalamus) would compensate for abnormalities in basal ganglia and thereby prevent the appearance of symptoms in presymptomatic welders. Previous functional imaging studies of patients with Parkinson's disease have shown that the motor cortex becomes hyperactive in response to finger Figure 3 Statistical parametric maps of sequential finger tapping movement with the left hand for the control (A) and welder (B) groups displayed on a 3D SPM template brain. All activation voxels are significant at p<0.00001. False discovery rate (FDR) is corrected for multiple comparisons across the whole brain.
movements, suggesting a compensatory strategy for defects of the basal ganglia. 21e24 Two-sample t test comparisons of the results of the right hand task in welders and controls revealed a BOLD signal increase in the bilateral dPMC, bilateral superior parietal cortex and right (ipsilateral) dentate nucleus of welders. The dPMC, which primarily receives input from the superior parietal cortex, is thought to program sequential movements in response to sensory guidance, as well as to assist with the retrieval of abstract action plans stored in the parietal lobe. 25 Previous functional imaging studies demonstrated that activation of the superior parietal cortex (BA7) is associated with attention to action and movement selection, based on the integration of sensory information. 26e28 The dentate nucleus, which works with the primary motor and premotor cortices, as well as the prefrontal and parietal cortices, is responsible for movement monitoring, error correction and the integration of sensory information and feedback.
29e31 Together, these premotorcerebellar-parietal circuits show activation during sequential finger movement and play an important role in the control of sequence complexity. Complexity-related signal increases have been shown to occur in premotor-cerebellar-parietal circuits, even though the contralateral primary motor cortex (M1) does not significantly modulate BOLD signal activity in response to complexity changes.
Previous studies have suggested that the SMA participates in the regulation of internally generated and/or automated movements. 32e34 In particular, the pre-SMA is more highly activated during a complex motor task than during a simple task. 24 35e36 By interacting with the striatum, the pre-SMA performs the crucial task of maintaining the balance between fast decisions and accurate decisions. 37 These notions are compatible with our present findings that changes in contra-and ipsilateral SMA BOLD signals significantly correlated with the results of the Grooved Pegboard test and the finger tapping tests.
Two-sample t test comparisons of the results of the right hand tasks revealed that the bilateral SMA and pre-SMA were more highly activated in welders than in controls. Hyperactivity of the SMA suggests that it is more difficult for welders than controls to perform a simple sequential finger tapping task; thus, more SMA activity is recruited via the basal ganglia-thalamo-cortical loop, which allows for successful performance of the sequential finger tapping task. The present findings are contrary to those reported for patients with Parkinson's disease. Functional neuroimaging of participants performing tasks requiring motor selection and initiation showed that the SMA was hypoactivated in patients with Parkinson's disease compared to normal participants. 22 38 Defective SMA activation is thought to reflect decreased positive efferent feedback from the basal ganglia-thalamo-cortical loop. 39 Differences in SMA activation between welders exposed to Mn and patients with Parkinson's disease might support previously reported differences in the pathophysiologies of manganism and Parkinson's disease, 1 2 although there are limitation that we compared manganism with Parkinson's disease even when considering subclinical effects of Mn as we did here.
Compared with the results of the right hand task, the basal ganglia-thalamo-cortical loop and the premotor-cerebellarparietal circuits were recruited to a lesser extent during sequential finger movement of the left hand. Therefore, contralateral SM1 activation during movement of the left hand suggests that reorganisation of the basal ganglia-thalamo-cortical pathways to compensate for abnormalities in the basal ganglia is not fully established. Due to the less frequent use of the left hand, functional reorganisation of the premotor-cerebellar-parietal circuits occurs to a lesser extent in response to complexity changes.
Our findings suggest that for relatively simple tasks, fMRI may uncover evidence of compromised brain functioning in patients with subclinical manganism. The findings of excessive recruitment of the cortical motor network in the chronically Mn-exposed group agree with an emerging concept of adaptive neural mechanisms to compensate for latent dysfunctions of the basal ganglia. 40 
